We study vibrational deactivation processes on chemically reactive potential energy surfaces by examining accurate quantum mechanical transition probabilities and rate constants for the collinear H + FH(v ), D + FD(v), H + FD(v}, and D + FH(v) reactions. A low barrier (1.7 kcal!mole} potential surface is used in these calculations, and we find that for all four reactions, the reactive inelastic rate constants are larger than the nonreactive ones for the same initial and final vibrational states. However, the ratios of these reactive and nonreactive rate constants depend strongly on the vibrational quantum number v and the isotopic composition of the reagents. Nonreactive and reactive transition probabilities for multiquantum jump transitions are generally comparable to those for single quantum transitions. This vibrationally nonadiabatic behavior is a direct consequence of the severe distortion of the diatomic that occurs in a collision on a low barrier reactive surface, and can make chemically reactive atoms like H or D more efficient deactivators of HF or DF than nonreactive collision partners. Many conclusions are in at least qualitative agreement with those of Wilkin's three dimensional quasiclassical trajectory study on the same systems using a similar surface. We also present results for H + HF(v) collisions which show that for a higher barrier potential surface (33 rather than 1.7 kcal/mole}, the deactivation process becomes similar in character to that for nonreactive partners, with V-->V -I processes dominating.
I. INTRODUCTION
The collisional deactivation of vibrationally excited diatomics like HF is an important rate process in determining the efficiency of many chemical lasers. While vibrational deactivation by nonreactive collision partners such as rare gases has been well studied 1 and is generally well understood at least qualitatively, the deactivation of diatomics by atoms and molecules with which chemical reaction is also possible (i.e., on a chemically reactive potential energy surface) has rarely been studied, in part because of the difficulty associated with accurate quantum calculations for reactive collision systems. Such deactivation processes can, however, play an important role in chemical lasers, since there are often many species present in such systems which are capable of reacting with the vibrationally excited molecules responsible for lasing. In the HF lasers, for example, the vibrationally excited HF can react with (or be deactivated by) the H and F atoms which are present as reagents and products in the primary pumping reaction F + H 2 -HF +H. 2 -4
In this paper, we examine vibrational deactivation processes on chemically reactive surfaces in more detail in an attempt to understand both qualitatively and quantitatively such dynamical features as the importance of multiquantum jump transitions in vibrational deactivation, the importance of reactive versus nonre- active pathways to deactivation (when applicable) and the effect of isotopic substitution on deactivation rates. In all applications, accurate quantum mechanical methods5-10 will be used to treat the collision dynamics, but the collisions will be constrained to be collinear. The accurate quantum treatment enables us to assess the features of vibrational deactivation without fear that this assessment may be biased by approximations in the dynamics. The collinear approximation makes the quantum treatment tractable while still providing a realistic dy-. namical description. 8 • 9 We apply these calculations to the deactivation of HF by H atoms, (and isotopic counterparts), modelling the surface as having a low barrier of 1. 7 kcal/mole. This deactivation process has been the subject of several experimental2-4 and theoretical 10 • 11 • 12 studies, few of which are in good agreement with each other. For example, three experimental determinations of the H + FH (v = 1) deactivation rate give rate constants at 300 oK of< (7 ±4) X10 11 , s S9X10 9 , 2 <a> and (1.4±0.4)X10 11 ems/mole sec, t while two classical trajectory calculations of this same quantity give 2.2Xl0 1211 and -1xl0 1212 ems/mole sec. Experimental and theoretical comparisons of the rate constants for the isotopically related deactivation processes D+FD(v=1), D+FH(v=1), and H+FD(v=l) are also poor. 4 The theoretical studies have used LEPS type surfaces which were optimized for only F + H 2 configurations, then applied to H + FH collisions. While this procedure has been successful for deactivation of HF by F 2 <b>,t3tl 4 (but see Ref. 15 ), Bender et al. and others 16 have shown that the low (1-2 kcal/mole) barrier obtained from the LEPS surfaces differs very substantially from the analogous ab initio barrier (49 kcal/mole) and, therefore, could be seriously in error. Recent experimental evidence 17 corroborates this high barrier G. C. Schatz and A. Kuppermann: Vibrational deactivation on reactive surfaces prediction. Our results using a low barrier surface might, then, not be realistic for H + FH, although they should be representative of deactivation in other reactions having surfaces with low barriers. To provide· some indication of the effect of a higher barrier, we also present results for deactivation of HF in the linear HHF geometry, where the barrier is 33 kcal/mole. A more extensive study of H + FH deactivation processes on surfaces of varying barrier heights will be presented in a future publication. 18 The specific systems we will investigate are
Reactions (R. 3) and (R. 4) are actually considered in the same calculation, since transitions between all possible open states of both reagents and products are determined simultaneously. In all the above reactions, the linear collision complex has the F atom between the hydrogens or deuteriums. The actual three dimensional collision includes other configurations, such as
(where the F atom is on one end of the 3 atom system), which we will also consider. Just which geometry will be more representative of the real world will depend on how the barrier height varies with orientation. We will show that for the surface considered, (R.l) appears to be more representative than (R. 5). Note that all atoms in the collision are assumed distinguishable in the collinear model. This allows us to separate the reactive and nonreactive deactivation processes, and is analogous to the distinction made in the classical treatments.
Of course, the correct three dimensional treatment of H + FH might lead to quantum interference oscillations in cross sections. Such oscillations have, in fact, been observed in quantum calculations on H + H 2 , 14 where their effect on thermal rate constants is apparently small.
To summarize the rest of this paper, in Sec. II, we briefly describe details of the calculation, while in Sec. III, transition probabilities and rate constants for system (R.l-R. 5) are presented and analyzed. A summary of conclusions is presented in Sec. IV.
II. THE CALCULATION
A coupled channel propagation technique 5 was used to solve the Schrodinger equation for the collinear reactive and nonreactive collisions. This method has been previously applied to H +Hz, 19 F +Hz, The primary results of the calculation are the transition probabilities (which are analogous to the 3D cross sections) and the one dimensional thermal rate constants. These results cannot be directly compared with those of 3D calculations or with experiment without additional assumptions such as the assignment of an impact parameter dependence to the reaction probability. 8 Alternatively, ratios of rate constants can be compared. This is a dangerous procedure if no allowance for rotational states is made, but often gives qualitatively useful comparisons as will be apparent in Sec, IIIB.
Ill. RESULTS

A. Transition probabilities
We denote the transition probability from vibrational state v of the reagent to state v' of the product by the
rHF ( We first consider the ground vibrational state reaction probabilities P~0 (H + FH), P~0 (D + FD) and P~0 {D + FH). These are plotted in Fig. 2 as a function of the reagent relative translational energy E 0 • (More generally, we let Ev be the translational energy relative to vibrational state v of the reagent diatomic molecule. ) P~0 (H + FD) can be obtained from ~0 (D + FH) 24 by shifting the latter curve in Fig. 2 upwards in energy by 0. 069 eV {which is the difference between the HF and DF zero point energies). The P~0 curves are quite similar in shape to the analogous reaction probability P~0 (H + H 2 ) which has been analyzed previously in detail. 25 • 26 At low energies (E 0 <0. 03 eV) the reaction probabilities are small. This is the expected behavior when barrier tunnelling (in an adiabatic sense) is occurring. The P~0 curves then show a sudden rise to nearly unit probability. The energies at which P~0 equals 0.01 are E 0 =0.04 eV for H+FH, 0.050 eV for D + FD, 0. 030 eV for D + FH, and 0. 099 eV for H + FD. The ordering of these effective threshold energies (D + FH lowest, then H + FH, D + FD, and H + FD) is completely analogous to the ordering previously found for the series D+H 2 , H+H 2 , D+D 2 , and H+D 2 27 and may be explained in terms of the vibrationally adiabatic barriers. The H +HF threshold energy is identical to that obtained by Baer 10 in his quantum coplanar study of this same reaction (on the Wilkins potential surface). 11 At higher energies, the ~ curves show sudden dips due to internal excitation resonances. 19 28 The vibrationally inelastic transition probabilities Pf 0 and Pf 0 for H + FH are presented in Fig. 3 . E 1 in that figure is the translational energy relative to v = 1 of HF .
We see that both Pfo and Pic have very small effective threshold energies (< 0. 01 eV). Above threshold, the reactive probability is significantly larger than the nonreactive one over much of the energy range scanned. Only in the vicinity of resonances (at E 1 -0.3 eV, 0.9 eV, and 1. 2 eV) do the two curves cross. In regions where the two curves are smooth (where the direct pro- 4 and 5 are compared, we find that the 2-0 and 2-1 transition probabilities are generally comparable in magnitude. This contrasts with the dominance of the v' =v -1 probability which is often obtained (or assumed) in purely nonreactive systems.
1 As might be expected, the relative strength of the individual P:v' or P~v' for fixed v and varying v' is usually dependent on the strength and nature of the interaction potential. For many nonreactive systems, the interaction potential is weak so that all inelastic transition probabilities are small with the v' = v-1 being the largest (similar to transitions in a perturbed harmonic oscillator). For a reactive surface such as exists for H + FH (Fig. 1) , severe distortion of the reagent diatomic can occur during the collision so that all inelastic transition probabilities become comparable (and large as well). In 6 . tive collinear A +BC collision systems having large values of the mass ratio m =mAmc/mB(mA +mB +me) (as in H + HF) usually show larger bond distortion (and hence larger multiple quantum jump probabilities) than those with smaller m (as H + FH). This assumes that the interaction potentials governing the collisions are all similar and is apparently not the dominant influence in the present case, where the potentials are quite different. We should also remark that the kind of deactivation behavior to be expected in three dimensional collisions will depend on features of the orientation dependence of the interaction potential. For most orientations of H with respect to HF (roughly 80% or more), we find potentials similar to the H+FH one inFig. 1. 29 Only a small range of orientations gives a potential similar to the H + FH linear potential, thus indicating that the H + HF system should be representative of the majority of collisions. That this conclusion is correct is evident from the qualitative agreement between our 10 and Wilkins' 3D results mentioned at the end of the previous paragraph.
We now consider the v = 1 to v' = 0 inelastic probabilities for D + FD, D + FH, and H + FD. These are shown in Figs. 9 and 10 . In Fig. 10 we have plotted the D + FH and H + FD results on an absolute energy scale so as to show the important relationships of the probabilities to one another. Both Figs. 9 and 10 indicate that the reactive probabilities dominate over the nonreactive ones for analogous transitions. However, at low collision energies, P[ 0 (H + FD) is only slightly smaller than .Pfo (H + FD) so the corresponding rate constants should be quite similar in magnitude.
B. Rate constants
The one dimensional thermal rate constants kv"' are obtained from the appropriate Boltzmann average of reagent velocity times transition probability. As shown in Ref. 6 , we can write this relationship as ----, ----, ----, ----, ------- G. C. Schatz and A. Kuppermann: Vibrational deactivation on reactive surfaces +k: depends on v in a way which reflects the differences in the total inelastic transition probabilities (obtained by summing the probabilities in Figs. 3-8 ). The ratio k 2 /k 1 , for example, has the value 2.1 at 300 oK while k 3 /k 2 =0. 94 at the same temperature. In his classical trajectory study 11 Wilkins found k 2 /k 1 ""3. 9 and k 3 /k 2 ""1. 
IV. SUMMARY
We now summarize the important results of this paper. First, for all transition probabilities and rate constants in the four collision systems (R. 1-R. 5), the reactive mechanism dominates over the nonreactive one in producing vibrational deactivation. This result is apparently of general validity over a wide range of impact parameters and diatomic orientations since the same conclusions were obtained by Wilkins in his 3D classical calculations. Second, multiquantum jump transition probabilities are comparable in magnitude to single quantum jump transition probabilities. This is clearly a consequence of the use of a low barrier reactive potential energy surface since the analogous H + HF results (for a high barrier surface) indicate that single quantum jump transition probabilities are orders of magnitude larger than all others at the energies considered. Third, an examination of vibrational deactivation as a function of isotopic composition indicates strong sensitivity of the ratio of reactive to nonreactive rates to this compo- ucts of both deactivation pathways are distinguishable, which means that these ratios can be measured experimentally. In addition, we expect these ratios of reactive to nonreactive rates to be very sensitive to barrier height.
Finally, we should again state that although the potential surface used in this study is of questionable validity, there are a number of similar chemically reactive systems which could be important in vibrational deactivation to which the surface might be applicable, and present results should be a useful guide to understanding them.
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